I. INTRODUCTION
Rare earth oxides with unique electronic properties are the potential candidates for applications such as catalysts, high dielectric constant gate oxides, dopants for lasers, and materials for magneto-optic memory. 1 Among these, the rare earth sesquioxide Ho 2 O 3 is highly insoluble in water and a thermally stable holmium source suitable for glass, optic, and ceramic applications. It is used in producing metal halide lamps, and is also used as an additive of various garnets. Similar to most other oxides of rare-earth elements, holmium oxide is used as a speciality catalyst, phosphor and a laser material. Holmium oxide occurs in small quantities in the minerals monazite, gadolinite, and in other rare-earth minerals.
2 Ho 2 O 3 occurs naturally as C-type rare earth oxide, which crystallizes in the space group Ia-3 (No. 206) with elementary cell containing 16 formula units RE 2 O 3 . The 32 cations are distributed among two different sites: 24 in d sites with local symmetry C 2 (2) (non-centro-symmetric), and 8 in b sites with local symmetry C 3j (3 m, or S6) (centro-symmetric). The 48 oxygen ions in the body-centered cell are on general positions 48e with C 1 site symmetry. 3 The electronic configuration of the Ho ion in Ho 2 O 3 is [Xe] 4f 11 5s 2 5p 6 . The ten f-electrons are localized in the 4f shell with one f-electron in the conduction band making Ho trivalent. However, Ho 2 O 3 along with other rare earth sesquioxides also occurs in other structural/polymorphic modifications, which include monoclinic with space group C 2 /m and hexagonal with space group P3m1.
To address the issues of stability and structural transformations, metal-insulator transitions, enhancement or collapse of magnetic ordering and amorphization, etc., high pressure investigations play a pivotal role. Under such conditions, the bonding patterns established for the systems near ambient conditions change dramatically, causing profound effects on numerous physical and chemical properties and leading to the formation of new classes of materials. Although a number of rare earth sesquioxides have been investigated under pressure, 4-9 the structural stability of Ho 2 O 3 has received much less attention. 6, 9 Further, the Raman spectra of phonons have a very high sensitivity, which permits finger-printing analysis of composition and state of a material. Hence Raman scattering is one of the most powerful techniques to investigate the phonon spectrum, electron phonon coupling, structural phase transitions, and anharmonic behavior of the optical modes. The high pressure Raman studies in conjunction with temperature dependent behavior reveal the phonon-phonon couplings and their effect on the structure and stability. To the best of our knowledge, there are no reports of observance of a clear phase transition in the Raman spectra of Ho 2 O 3 . Although Lonappan et al. 6 demonstrated a clear phase transition using X-ray diffraction, their Raman data did not depict a clear transition.
With change in temperature, most materials typically show both the line centre and the line-width variation in their Raman spectra. This temperature dependence can be attributed to the anharmonic terms in the vibrational potential energy. Size effects in nanocrystals are also expected to modify the anharmonicity and the phonon decay times as compared to their bulk/polycrystalline counterparts. Again, the anharmonic parameters for Ho 2 O 3 have not been investigated earlier, to the best of our knowledge. The estimation of these anharmonic parameters requires the mode Gr€ uneisen parameter, which is obtained from the pressure dependent frequency variation of the phonon modes. Hence in this report, we also present the estimation of anharmonic parameters using data from our own high pressure experiment.
II. EXPERIMENTAL
Commercially available Ho 2 O 3 powder from Johnson Matthey Inc, UK, was used for the present study and no pretreatment was done. The X-ray diffractogram of the powder was recorded using Bruker D-8 Advance powder X-Ray diffractometer using Cu k a (k ¼ 1.5404 Å ) radiation. The highpressure Raman scattering studies were carried out with a with an accuracy of (0.75 cm
À1
) was used to collect the scattered data. The sample temperature was varied from 80-440 K by using a continuous flow liquid nitrogen optical cryostat in which the sample compartment was maintained at a pressure of $10 À6 torr using a turbo-molecular pump.
III. CHARACTERIZATION AT AMBIENT Figure 1 shows the x-ray diffraction pattern of Ho 2 O 3 powder, which agrees with the JCPDS data card number 43-1018 for cubic (Ia 3 ) Ho 2 O 3 structure. The coherent crystalline size was estimated using Scherrer equation, 10 using the diffraction from the [222] plane of cubic Ho 2 O 3 . After accounting for the instrument broadening, the average crystallite size was estimated to be $50 nm. 10 Further particle size analysis was carried out using AFM and Figures 2(a) and 2(b) show the atomic force micrographs of Ho 2 O 3 . The "Image Tool" software was used to estimate the distribution in particle size. Figure 2 (c) shows the histogram for the same. Consequently, the average particle size was calculated to be around 63 nm. The difference obtained in the sizes obtained from XRD and AFM studies may arise due to cluster effects in AFM. However, from both the studies, it is apparent that the sample under study is nanocrystalline holmium sesquioxide.
In the cubic phase of Ho 2 O 3 , there are thirty two (32) Ho cations, which are distributed in two different sites, eight atoms are in C 3i site symmetry with coordinate ( 1 = 4 1 = 4 1 = 4 ); and twenty four atoms are in C 2 site symmetry with coordinate (x 0 1 = 4 ). The forty eight oxygen atoms in bcc structure are positioned at C 1 site symmetry. 3, 8 The local axes of the C 3i sites are in the However, smaller numbers of modes are observed in practice in the Raman spectra; this may be due to the fact that some of the observed modes are actually superposition of closely spaced different type of modes, which are un-separated owing to a weak factor-group interaction.
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The Raman spectra of Ho 2 O 3 powder at 80 and 300 K are shown in Fig. 3 . The peaks obtained under ambient conditions agree very well with the results published by Urban and Cornilson. 12 We have observed seven distinct peaks (I 1 -I 7 ) at 80 K; the peaks at 317.3, 332, 361.5, 379.4, 439.2, 473.6, and 595.3 cm À1 are assigned as the T g þ E g , E g , U el (C 3i ), T g þ A g , and 3T g modes, respectively. [11] [12] [13] [14] [15] The peak at 379.4 cm À1 , corresponding to the T g þ A g mode, is the most intense and would primarily be tracked for pressure as well as temperature dependent variations.
We have observed the electronic contribution U el at 361.5 cm
À1
. In C-type Ho 2 O 3 , the Ho 3þ ions in C 3i sites have electronic configuration [(Xe) 4f 10 )], the crystal-field and spinorbit interaction splits the unfilled f-orbital into the multiplates. The observed 361.5 cm À1 peak in the Raman spectrum is the electronic transition originated from stark energy level 5 I 8 of Ho 3þ in Ho 2 O 3 . 16 The electronic contribution reduced significantly at 300 K, as shown in the inset of Fig. 3 . In addition, it may be suspected that a slight amount of disordered material may also be present owing to the broad backgrounds in the Raman spectra. Further, the significantly increased background in the Raman spectrum at 80 K is expected to originate from the intra-band radiative recombination of electron in Ho 2 O 3 , whose intensity decreases with increasing temperature.
IV. HIGH PRESSURE BEHAVIOR
The pressure dependent Raman spectra of this nanocrystalline Ho 2 O 3 powder are shown in Fig. 4(a) . It is clear that the intensity of the modes related to cubic phase at ambient decrease significantly and the mode frequencies shift towards higher energy side with increasing pressure. At a pressure of about 1.3 GPa, new peaks are seen to be emerging between 600 and 700 cm À1 and their intensity increases with the progression in applied pressure; while the peaks related to the cubic phase gradually broaden with an intensity decrease. At a pressure of about 17.8 GPa, the predominant cubic phase peak completely disappears. However, the peaks observed between 600-700 cm À1 are seen to gain intensity from pressures as low as 5.5 GPa. In fact at the highest studied pressure of about 28 
3 Also, in analogy with the monoclinic spectra of other rare earth sesquioxides, 17-21 the developed phase has been confirmed as the monoclinic phase. Heiba et al. Jiang et al. 9 The peak at 1084 cm À1 at 28.8 GPa may be the result of crystal field excitation. 9 Hence, we may surmise that in case of Ho 2 O 3 , the phase transition to monoclinic structure completes at 17.8 GPa with complete disappearance of the predominating cubic phase peak. Figure 4(b) shows the pressure dependent frequency shifts.
The monoclinic B-type structure of lanthanide sesquioxides belongs to the centro-symmetric space group C 2 /m ðC 3 2h Þ, which contains six molecules in each unit cell, and also shows a sevenfold coordination of the cation. The crystal lattice has three different cation sites and five different anion sites which bond to four, five, or six metal ions. 20 16, 20, 22 Hence, the irreducible representation according to group theory gives 21 Raman active modes which include 14A g and 7B g modes. Gouteron et al. 17 also predicted 21 Raman active modes, i.e., 14A g þ 7B g , from the factor group analysis for B-type crystals, although fewer modes are observed in practice. We have calculated the mode Gr€ uneisen Parameter (c), which provides a dimensionless representation of the response to compression from the pressure dependent frequency shifts dx=dP (Fig. 4(b) ), i.e.,
The mode Gr€ uneisen parameters are obtained from the equation:
where B 0 is the isothermal bulk modulus of Ho 2 O 3 of the cubic phase, x 0 is the mode frequency at ambient. The isothermal bulk modulus values of Ho 2 O 3 were taken as 206 and 200 GPa for the cubic and monoclinic phase, respectively. 9 The obtained c values are tabulated in Table I . These values for Ho 2 O 3 have not been reported so far to the best of our knowledge. The monoclinic modes obtained after extrapolation of the high pressure peaks to the atmospheric pressure are also presented in Table I . Figure 5 shows the behavior of the sample on decompression. The peaks occurring due to monoclinic phase shift to lower wave numbers with decompression. However, the sample shows partial reversible behavior although the high pressure phase is observed down to the ambient. Broad peaks around 415 and 460 cm À1 are seen to be developing as decompression progresses, which qualitatively depict the partial reversibility of the observed transition.
A. Discussion
In the present study, it is interesting to note that contrary to the cubic to hexagonal phase transitions observed in our previous reports of Dy 2 24, 26 It is noteworthy that there exist several ways of transformation between the various phases, depending on temperature and pressure conditions. 27, 28 Additional reaction components can also help to transform the sesquioxides during the temperature treatment. For example, Foex et al. achieved a transformation from the C-type to the B-type structure by adding some lime, 29 or by offering support with oxides like CaO and SrO. 30 In the previous similar observations in the case of Eu 2 O 3 and Sm 2 O 3 , the starting material was found to contain traces of non-stoichiometric phase and monoclinic phase, respectively. 24, 26 In the present case also at ambient and at a low pressure of 1.32 GPa, a broad hump is seen around 600-700 cm
À1
, which increases with applied pressure. Although our XRD studies did not indicate the presence of another phase, it may be possible that some amount of disordered state is present in the sample, which facilitates the growth of monoclinic phase at the expense of cubic phase.
In context of the reported work, it has been observed that the structural stability of Ho 2 O 3 under high pressure has received much less attention as compared to other rare earth sesquioxides. Based on the density functional theory calculations, Wu et al. 31 predicted a B!A phase transition in Ho 2 O 3 at around 17.0 GPa. The C-type Ho 2 O 3 has also been reported to transform to the monoclinic phase at 1.5 GPa and 1000 C by Hoekstra. 32 Lonappan et al. carried out the study on cubic Ho 2 O 3 up to 17.0 GPa by using rotating anode xray generator and reported that a phase transformation of C!B appeared between 9.5 and 16.0 GPa, 6 but the B!A phase transition was not observed. Recently, Jiang et al., 9 using x-ray diffraction, also observed the structural transformation from a cubic to a monoclinic structure starting at 8.9 GPa, which completed at 16.3 GPa with a 8.1% volume collapse. A hexagonal phase appeared at 14.8 GPa and becomes dominant at 26.4 GPa. After release of pressure, the hexagonal phase transformed to a monoclinic structure. However, the observance of a clear phase transition in Raman spectra of Ho 2 O 3 is not reported so far. Hence qualitatively, our results also agree somewhat with the pressures reported for the completion of phase transformation.
The structural characterization of monoclinic (B) Ho 2 O 3 , synthesized by Hoekstra, has been reported by a few workers. 32, 33 It was figured out that the phase transformations of the cubic rare-earth sesquioxides into the monoclinic compounds (C-B transformation) are reversible under certain high-pressure/high-temperature conditions between 2.5 and 4 GPa at 900-1000 C. 32 Sawyer et al. succeeded in transforming parts ($20%) of the cubic phase starting material C-Ho 2 O 3 by high-pressure impact methods. 34 Hoekstra 33 and Sawyer 34 showed that the monoclinic phase B-Ho 2 O 3 disappears under temperature treatment and is transformed into the cubic phase C-Ho 2 O 3 , which supported the prediction of a metastable high-pressure phase. 33 
V. TEMPERATURE DEPENDENT BEHAVIOR
The anharmonic behavior of the phonon modes has been investigated by the temperature dependent Raman scattering in the range of 80-440 K. The temperature dependent Raman spectra of Ho 2 O 3 are shown in Fig. 6(a) . The most intense T g þ A g mode is seen to be shifting towards lower frequency side with increasing temperature; however, other modes do not change significantly. The variation/shift in frequency of T g þ A g mode is plotted in Fig. 6(b) . This shift of frequency with temperature has contribution from the thermal expansion of the lattice and anharmonic phonon-phonon interaction. The phonon frequency shift as a function of temperature can be expressed as, 34, 35 xðTÞ ¼ x 0 þ ðDxÞ latt þ ðDxÞ anh ;
where x 0 is harmonic frequency, which was obtained by extrapolating the experimental data down to 0 K; the quasi harmonic term ðDxÞ latt arises from the thermal expansion while ðDxÞ anh represents the anharmonic coupling of the phonons. The quasi-harmonic or thermal expansion contribution can be written as 36
where x 0 is the harmonic frequency of T g þ A g mode. The Gr€ uneisen parameter of the corresponding mode c i ¼ 2:14 is estimated from our high pressure Raman scattering data. The linear thermal expansion coefficient, a ¼ 7.4 Â 10
À6
/K for Ho 2 O 3 . 37 The anharmonic contribution ðDxÞ anh which arises from the phonon-phonon interaction due to the cubic and quartic terms in the inter-atomic potential, can be written as:
The first term estimates the coupling of an optical phonon to two low-energy phonons (three phonon process); the second term is due to the coupling to three phonons (four-phonon process), while A and B are the fitting parameters. Equations (4) and (5) substituted into Eq. (3) give us the fitting expression. The experimental data are in good agreement with the fitting by Eq. (3), and fitting parameters are listed in Table II. We have also calculated the total anharmonicity of T g þ A g mode as a function of temperature using the following equation: 
The first term of right hand side describe the true anharmonic contribution and second, quasi-harmonic term. The calculated values are listed in Table II . From the table, it is clear that the coefficients A and B both are negative, thus explaining the phonon softening. The three phonon process dominates over the quatric anharmonicity. It is also observed that the true anharmonic term is comparable to the quasiharmonic term.
The temperature dependent line-width of the T g þ A g mode (Fig. 7) shows an anomalous behavior, demonstrating a decrease in line-width with an increase in temperature. In an ideal crystal, the line-shape is expected to be infinitesimally narrow, but experimental peaks of real materials exhibit an intrinsic width. 40 The line-width analysis of real materials is more difficult to achieve since different contributions have to be considered. Among these, the finite resolution of the spectrometer, 41 impurities and defects disturb the translation symmetry of the harmonic crystal. 40 All these factors along with the anharmonic decay of phonons account for the broadening observed. The thermal expansion is a manifestation of the lattice anharmonicity that has its own shifts in the frequency, but not on the line-width. 36 Hence, when other effects due to impurities, defects, and spectrometer are constants for a particular sample, the line-width variation would reflect the anharmonic decay of phonons. In the present case, the reason for an anomalous decrease in linewidth is unclear, however, it may have contribution from the fact that owing to the presence of disordered material in the starting sample, the crystallinity improved with the increase of temperature with a decrease in the content of defects/ disordered material. Consequently, the effect of anharmonic decay of phonons on the line-width variation cannot be precisely determined.
VI. CONCLUSIONS
We have investigated the behavior of phonon modes of rare earth Ho 2 O 3 as a function of pressure and temperature. The high pressure Raman investigation reveals the cubic to monoclinic phase transition at and above 17.8 GPa, and this transition is partially reversible in nature. The mode Gr€ uneisen parameters estimated from the high pressure data were used to estimate the anharmonicity components in conjunction with the temperature dependent shift behavior of the phonon modes in the range of 80-440 K. From the theoretical fitting to the experimental data, the cubic anharmonicity is observed to dominate over quatric anharmonicity. Further, the true anharmonic term is comparable to the quasi-harmonic or the thermal expansion term in determining the total anharmonicity. We found an anomalous behavior of phonon line width with increasing temperature. 
